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Abstract

Neurodegenerative diseases such as Alzheimer’s and Parkinson’s currently affect ~25 million people worldwide. The global incidence of
traumatic brain injury (TBI) is estimated at ~70 million/year. Both neurodegenerative diseases and TBI remain without effective treatments.
We are utilizing adult Drosophila melanogaster to investigate the mechanisms of brain regeneration with the long-term goal of identifying
targets for neural regenerative therapies. We specifically focused on neurogenesis, i.e., the generation of new cells, as opposed to the
regrowth of specific subcellular structures such as axons. Like mammals, Drosophila have few proliferating cells in the adult brain.
Nonetheless, within 24 hours of a penetrating traumatic brain injury (PTBI) to the central brain, there is a significant increase in the number
of proliferating cells. We subsequently detect both new glia and new neurons and the formation of new axon tracts that target appropriate
brain regions. Glial cells divide rapidly upon injury to give rise to new glial cells. Other cells near the injury site upregulate neural progenitor
genes including asense and deadpan and later give rise to the new neurons. Locomotor abnormalities observed after PTBI are reversed
within 2 weeks of injury, supporting the idea that there is functional recovery. Together, these data indicate that adult Drosophila brains are
capable of neuronal repair. We anticipate that this paradigm will facilitate the dissection of the mechanisms of neural regeneration and that

these processes will be relevant to human brain repair.
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Introduction

Although classical studies reported that the mammalian brain
stops making new neurons shortly after birth (Ramon y Cajal
1913, 1914), populations of dividing progenitor cells subsequently
were observed in two major regions of the rodent brain: the sub-
ventricular zone (SVZ) of the forebrain and the dentate gyrus
(DG) of the hippocampus (Altman and Das 1965; Altman 1969;
Kaplan and Hinds 1977). Both SVZ and DG progenitors give rise to
multiple cell types over the course of an animal’s lifetime, includ-
ing neurons, astrocytes, and oligodendrocytes (Kuhn et al. 1996).
Moreover, a landmark study published in 1998 concluded that
adult humans create new neurons in the hippocampus in the ab-
sence of injury (Eriksson et al. 1998).

The discovery of adult neurogenesis raised the possibility of
utilizing endogenous cells for neural regeneration both following
brain injury and also in patients suffering from neurodegenera-
tive diseases. Although emphasis in the mammalian neural re-
generation field to date has been on transplanting embryonic or
induced pluripotent stem cells (Vishwakarma et al. 2014), obtain-
ing functional integration of transplanted neural cells remains a
major challenge. Moreover, stem cell transplants can be accom-
panied by tumor formation (Amariglio et al. 2009) which clearly is

undesirable. A more recent direction for the field, therefore, has
been on coaxing resident cells in the brain to undertake regenera-
tion (Gao et al. 2016). We note that in the nervous system the
term ‘“regeneration” is used in multiple ways. For instance,
‘regeneration” can refer either to the regrowth of subcellular
components (e.g., axons) following nerve injury or to the genera-
tion of new cells (“neurogenesis”). Here, we focus on the genera-
tion of new cells.

In order to utilize endogenous cells for neural repair in clinical
settings, we first must identify the cell types and underlying mo-
lecular mechanisms that contribute to neuroregeneration. To ad-
dress these questions, we are investigating repair of the adult
brain in the fruitfly Drosophila melanogaster. The adult Drosophila
brain, like the adult mammalian brain, has few proliferative cells
(von Trotha et al. 2009). In addition, although the Drosophila brain
has many fewer neurons, the Drosophila brain has many shared
complexities with the human brain including analogous neural
cell types (Lessing and Bonini 2009), common neurotransmitters
(GABA, glutamate, and acetylcholine) (Bellen et al. 2010), similar
synapse architecture (Lessing and Bonini 2009), and similar phys-
iology and intracellular signaling pathways (Bellen et al. 2010).
These properties, combined with a wealth of genetic and
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molecular tools, a short generation time, and large number of off-
spring, lead us to propose that Drosophila offer an exceptional
model in which to investigate brain regeneration.

The combination of rare cell proliferation and the fact that
known neural progenitors undergo terminal differentiation or ap-
optosis during metamorphosis (Siegrist et al. 2010), make it all the
more remarkable that the adult Drosophila brain is capable of
neurogenesis. Nonetheless, the adult Drosophila brain can make
new neurons after injury (Fernandez-Hernandez et al. 2013;
Moreno et al. 2015). These earlier studies focused on the adult op-
tic lobes, where slowly cycling neural progenitor cells were dis-
covered in the medulla cortex. These progenitors are activated by
injury and give rise to new neurons (Fernandez-Hernandez et al.
2013; Moreno et al. 2015).

Here, in contrast to other studies, we focus on a distinct brain
region, the central brain. We find that the central brain, like the
optic lobes, can produce new neurons after injury. However, in
contrast to the optic lobes, the new central brain neurons inner-
vate specific targets, including the mushroom body, ellipsoid
body (EB), antennal lobes (AL), and lateral horn. We present evi-
dence that these new neurons contribute to functional regenera-
tion. Also, in contrast to the optic lobes, the central brain
produces new glial cells in response to injury. We have lineage-
traced both the new neurons and the new glia and find that they
arise from distinct progenitors. We propose that an injury-
triggered mechanism results in the reactivation of neural progen-
itor genes, allowing these cells to proliferate and give rise to new
neurons. Because of the extensive parallels between adult
Drosophila and mammalian brains, we anticipate that these
studies will have relevance to human neural regeneration.

Materials and methods
Fly stocks and rearing

Unless otherwise specified, flies were reared at 25°C on a stan-
dard cornmeal-sugar medium. The fly stocks used are listed in
Table 1. The following stocks were obtained from the

Bloomington Drosophila Stock Center (BDSC): #854 (w[];
P{w[+mW.hs]=GawB}OK107 ey[OK107]/In(4)ci[D], ci[D] pan[ciD]
su[spa-pol]; #1495 (y[1] w[1]); #4539y[1] w[], P{w[+mC]

=UAS-FLP.DYD1; #5130 (y[1] w[1]; Pin[Yt]/CyO; P{w[+mC]=UAS-

Table 1 Drosophila strains

mCD8::GFP.L}LL6); #7018 (w[*]; sna[Sco]/CyO; P{w[+mC]=tubP-
GALS80[ts]}ncd[GAL8Ots-7]); #7019 W[, P{w[+mC]=tubP-
GALSO[ts]}20; TM2/TM6B, Th[1]; #7415 (w'''%; P{w[+m’=
GAL4}repo/TM3, Sb); #28281 (w[7]; P{w[+mC]=UAS-RedStinger}6,
P{w[+mC]=UAS-FLP.Exel}3, P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger}
15F); #32251 (w["]; P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger}15F2);
#47859 w[1118]; P{y[+t7.7] w[+mC]=GMR13CO2-GAL4}attP2;
#51635 (y' w'; P{w[+m’]=nSyb-GAL4S}3): #65408 (P{w[+mC]=
UAS-Stinger}2, P{w[+mC]=UAS-hid.Z}2/Cy0). Other lines used
were ase-Gal4/CyO; Dr/TM6B (a gift of Dr. Cheng-Yu Lee); w;
FRT40A, UAS-CD8-GFP, UAS- CD2-Mir; act-Gal4 UAS-flp/TM6B; and
w; FRT40A, UAS-CD2-RFP, UAS-GFP-Mir; tub-Gal80ts/TM6B (both
gifts of Dr. Eduardo Moreno).

Standard cross

To minimize potentially confounding genetic background effects
and differences in results due to sex and temperature, we rou-
tinely analyzed F1 males of a standard genotype. This standard
genotype results from an outcross between a homozygous strain
expressing green fluorescent protein (GFP) in the mushroom body
(w*; UAS-mCD8-GFP;; OK107-GAL4) and the widely used laboratory
strain y! w. This cross was maintained at 25°C. Penetrating trau-
matic brain injury (PTBI) flies were maintained at 25°C until their
brains were dissected and fixed for analysis. Unless otherwise
specified, brains of young adult male Drosophila generated by this
outcross were injured within 6 hours of eclosion.

Perma-twin flies

Perma-twin flies were generated by crossing w; FRT40A, UAS-
CD2-RFP, UAS-GFP-Mir; tub-Gal80"/TM6B virgin females to w;
FRT40A, UAS-CD8-GFP, UAS- CD2-Mir; act-GAL4 UAS-flp/TM6B
males (Fernandez-Hernandez et al. 2013). These crosses were
maintained at 17°C. F1 progeny of the genotype: w; FRT40A, UAS-
CD8-GFP, UAS- CD2-Mir/FRT40A, UAS-CD2-RFP, UAS-GFP-Mir; act-
GAL4 UAS-flp/tub-GALS0"™ were collected at eclosion, subjected to
PTBI or kept as uninjured controls and maintained at 30°C until
their brains were dissected and fixed for analysis.

G-TRACE crosses

Lineage-labeling was accomplished using a G-TRACE line
(#28281 (w[]; P{w[+mC]=UAS-RedStinger}6, P{w[+mC]=UAS-

Genotype Source Catalog no
y[1] w[1] BDSC? 1495
w[*]; P{w[+mW.hs]=GawB}OK107 ey[OK107]/In(4)ci[D], ci[D] pan[ciD] su[spa-pol] BDSC 854
y[1] w[*]; P{w[+mC]=UAS-FLP.D}JD1 BDSC 4539
y[1] w[1]; Pin[YY]/CyO; P{w[+mC]=UAS-mCD8::GFP.L}LL6 BDSC 5130
w[*]; sna[Sco]/CyO; P{w[+mC]=tubP-GAL8O[ts]}ncd[GAL80ts-7] BDSC 7018
w[*]; P{w[+mC]=tubP-GAL8O[ts]} 20; TM2/TM6B, Th[1]; #7415 (w''*é; BDSC 7019
P{w[+m*|=GAL4}repo/TM3, Sb*
w8 P{w[+m*)=GAL4}repo/TM3, Sb* BDSC 7415
w[*]; P{w[+mC]=UAS-RedStinger}6, P{w[+mC]=UAS-FLP.Exel}3, P{w[+mC]=Ubi- BDSC 28281
p63E(FRT.STOP)Stinger} 15F
w[*; P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger}15F2 BDSC 32251
w[1118]; P{y[+17.7] w[+mMC]=GMR13CO2-GAL4}attP2 BDSC 47859
v w*; P{w[+m*]=nSyb-GAL4S}3 BDSC 51635
P{w[+mC]=UAS-Stinger}2, P{w[+mC]=UAS-hid.Z}2/CyO BDSC 65408

ase-Gal4/CyO; Dr/TM6B
w; FRT40A, UAS-CD2-RFP, UAS-GFP-Mir; tub-Gal80/TM6B

w; FRT40A, UAS-CD8-GFP, UAS- CD2-Mir; act-Gal4 UAS-flp/TM6B

Cheng-Yu Lee

Eduardo Moreno (Fernandez-Hernandez
etal., 2013)

Eduardo Moreno (Fernandez-Hernandez
etal., 2013)

# Bloomington Drosophila stock center: https://bdsc.indiana.edu/.
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FLP.Exel}3, P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger}15F) (Evans et al.
2009) crossed to various Gal4 driver strains listed above. These
crosses were maintained at 17°C. F1 progeny of the desired geno-
typed were selected at eclosion, subjected to PTBI or kept as unin-
jured controls and maintained at 30°C for 14days when their
brains were dissected and fixed for analysis.

Penetrating traumatic brain injury
To induce PTBI, we used thin metal needles (~12.5um diameter
tip, 100 um diameter rod; Fine Science Tools) sterilized in 70%
ethanol to penetrate the head capsule of CO,-anesthetized adult
flies. Injured flies were transferred back to our standard sugar
food for recovery and aging.

For immunohistochemical analyses, we unilaterally injured
brains on their right sides. For gRT-PCR analysis, to amplify the
molecular responses, brains were injured bilaterally.

Immunohistochemistry

Brains were dissected in PBS (phosphate-buffered saline; 100 mM
K,HPO4, 140 mM NacCl pH 7.0) and fixed in a 3.7% formaldehyde
in a PEM (100mM PIPES, 2mM EGTA, 1mM MgSO,) solution for
20minutes at 25°C. Fixed brain samples were washed in PT (PBS
and 0.1% Triton X-100), blocked with 2% BSA in PT solution (PBT),
and then incubated with primary antibodies overnight at 4°C in
PBT. Following primary antibody incubation, the samples were
washed with PT (5 times over the course of an hour) and incu-
bated overnight in secondary antibody at 4°C. The next day, sam-
ples were washed in PT, stained with DAPI (1:10,000,
ThermoFisher) for 8 minutes, and mounted in Vectashield anti-
fade mountant (Vector Labs), and imaged using a Nikon AI1RS
system and analyzed using the Nikon NIS Elements software.
Cell counting was done both manually and using the Nikon NIS-
Elements software to analyze regions of interest (ROIs) with a
threshold of over 1000 and an area of at least 10 um.

The primary antibodies used in this study were: rabbit anti-
PH3 (1:500, Santa Cruz Biotechnology, Inc); mouse anti-Fasll
(1:20, Developmental Studies Hybridoma Bank; DSHB); mouse
anti-Repo (1:20, DSHB); rat anti-Elav (1:20, DSHB); mouse anti-
Pros (1:20, DSHB); and rat anti-Dpn (1:50, AbCam). Secondary
antibodies used were: anti-rabbit Alexa Fluor 568 (1:200,
ThermoFisher); anti-rabbit Cy5 (1:400, Jackson ImmunoResearch,
Inc.); anti-mouse Cy5 (1:100, Jackson ImmunoResearch, Inc.);
anti-rat Alexa Fluor 488 (1:400, ThermoFisher); anti-rat Alexa
Fluor 568 (1:400, ThermoFisher); and anti-rat Cy5 (1:200, Jackson
ImmunoResearch, Inc.). Primary and second antibodies are listed
in Table 2.

Table 2 Primary and secondary antibody reagents

Antibodies Source Catalog no
Rat anti-Elav DSHB? 7E8A10
Mouse anti-Fas2 DSHB 1D4
Mouse anti-Pros DSHB MR1A
Mouse anti-Repo DSHB 8D12
Rat anti-Dpn Abcam Ab195173
Rabbit anti-PH3 Santa Cruz Biotechnology — sc-8656-R
Anti-rabbit Alexa Fluor 568 InVitrogen A-11036
Anti-rat Alexa Fluor 568 InVitrogen A-11077
Anti-rat Alexa Fluor 488 InVitrogen A-11006

Anti-rabbit Cy5
Anti-mouse Cy5
Anti-rat Cy5

Jackson ImmunoResearch 711-175-152
Jackson ImmunoResearch 715-175-151
Jackson ImmunoResearch 712-175-153

# Developmental studies hybridoma bank: https://dshb.biology.uiowa.edu/.

EdU labeling

The standard injury method was used on flies for 5-ethynyl-2'-
deoxyuridine (EdU) labeling, except flies were fed 50 mM EdU in
10% sucrose solution on a size 3 Whatman filter for six hours
prior to PTBI and allowed to recover on the same solution for the
desired amount of time. The EdU solution was replaced every
24 hours. Brains were dissected, processed, and antibody stained
as described above with the exception of using buffers without
azide. To detect EAU incorporation, Click-IT® reagents from
InVitrogen were used according to the manufacturer’s instruc-
tions. The brains then were antibody stained mounted and im-
aged as described above.

Quantitative real-time PCR

Transcript levels of target genes were measured by quantita-
tive real-time PCR (qRT-PCR) using methods described in Thry
et al. (2012). RNA was isolated from appropriately staged ani-
mals using TRIzol Reagent used according to the manufac-
turer’'s instructions (Thermo Fisher Scientific). cDNA was
synthesized from 40 to 400ng of total RNA using the
SuperScript III First-Strand Synthesis System (Invitrogen).
gPCR was performed on a Roche 480 LightCycler using the
LightCycler 480 DNA SYBR Green [ Master kit (Roche). In all
cases, samples were run simultaneously with three indepen-
dent biological replicates for each target gene, and rp49 was
used as the reference gene. To calculate changes in relative ex-
pression, the Relative Expression Software Tool was used
(Pfaffl et al. 2002). The primers used are listed in Table 3. We
used the following primers to detect transcript levels: ase
Forward: 5'-CAGTGATCTCCTGCCTAGTTTG-3' & Reverse: 5'-
GTGTTGGTTCCTGGTATTCTGATG-3' (gift from Stanislava
Chtarbanova); dpn Forward: 5-CGCTATGTAAGCCAAAT
GGATGG-3' & Reverse: 5'-CTATTGGCACACTGGTTAAGATGG-3'
(gift from Stanislava Chtarbanova); elav Forward: 5'-
CGCAGCCCAATACGAATGG-3' & Reverse: 5-CATTGTTTG
CGGCAA GTAGTTG-3' [Fly Primer Bank: http:/www.flyr-
nai.org/flyprimerbank; (Hu et al. 2013)]; erm Forward: 5'-
GTCCCCTAAAGTTTTCGATAGCC-3' & Reverse: 5- GA
GTCATAGTTGACAGTGGATGG-3" (Fly Primer Bank); insc
Forward: 5- CCCTGGGCAATCTGTCCTG-3" & Reverse: 5'-
GAGAAGCCCGAATCCTGACT-3" (Fly Primer Bank); myc
Forward: 5'- AGCCAGAGATCCGCAACATC-3' & Reverse: 5'-
CGCGCTGTAGAGATTCGTAGAG-3" (Fly Primer Bank); repo
Forward: 5-TCGCCCAACTATGTGACCAAG-3' & Reverse: 5'-
CGGCGCACTAATGTACTCG-3' (Fly Primer Bank); Rp49 Forward:
5'-CCAGTCGGATCGATATGCTAA-3' & Reverse: 5-ACGTTGT
GCACCAGGAACTT-3' (Thry et al. 2012).

Locomotor assays

0 to 6-hour post-eclosion males of the standard genotype were
collected, subjected to PTBI, and aged to 2and 14days, respec-
tively. The 2 and 14 days injured and age-matched uninjured con-
trols were placed in the Drosophila activity monitor (DAM) system
(TriKinetics, Waltham, MA, USA) to record locomotory behavior.
The circadian locomotor activity of flies was assayed and ana-
lyzed as previously described (Hamblen et al. 1986; Sehgal et al.
1992). For each experiment and condition, 32 flies were individu-
ally analyzed.

Statistical analysis

For all cell/clone counting and locomotor assays, counts were
expressed as means = standard deviations. Two-tailed t-tests



4 | GENETICS, 2021, Vol. 219, No. 2

Table 3 gRT-PCR primers

Gene forward primer (5’—3’)

Ase (Loewen et al., 2018)
Dpn(Loewen et al., 2018)

CAGTGATCTCCTGCCTAGTTTG
CGCTATGTAAGCCAAATGGATGG

reverse primer (5’—3’)

GTGTTGGTTCCTGGTATTCTGATG
CTATTGGCACACTGGTTAAGATGG

Elav (https://www.flyrmai.org/flyprimerbank) CGCAGCCCAATACGAATGG CATTGTTTGCGGCAA GTAGTTG
Erm (https://www.flyrnai.org/flyprimerbank) GTCCCCTAAAGTTTTCGATAGCC GAGTCATAGTTGACAGTGGATGG
Insc (https://www flyrnai.org/flyprimerbank) CCCTGGGCAATCTGTCCTG GAGAAGCCCGAATCCTGACT

Myc (https://www.flyrnai.org/flyprimerbank) AGCCAGAGATCCGCAACATC CGCGCTGTAGAGATTCGTAGAG
Repo (https://www flyrnai.org/flyprimerbank) TCGCCCAACTATGTGACCAAG CGGCGCACTAATGTACTCG

rp49 (Thry et al., 2012) CCAGTCGGATCGATATGCTAA ACGTTGTGCACCAGGAACTT

were performed using GraphPad Prism Version 8.3.0 for Mac
(GraphPad Software, La Jolla, California, USA, www.graphpad.
com). An alpha value of 0.05 was considered significant. The
following symbols represent significance; * significant at P <0.05;
* significant at P<0.01; ** significant at P <0.001; *** significant
at P<0.0001.

Data availability

Strains are available upon request. The authors affirm that all
data necessary for confirming the conclusions of the article are
present within the article, figures, and tables. Supplementary
material is available at figshare: https://doi.org/10.25386/genet
ics.14618424.

Results

Penetrating traumatic brain injury stimulates cell
proliferation

To investigate the regenerative capacity of the adult D. mela-
nogaster central brain, we examined brains at a variety of time
points following a PTBI. Our standard protocol is to rear flies at
25°C and to injure adult flies within 6hours of eclosion, return
the flies to 25°C, and measure cell proliferation or assay for new
neurons at various timepoints post-PTBI (Figures 1 and 2,
Supplementary Figure S1, A, C, D, and E). However, in order to
evaluate whether the capacity for cell proliferation changes with
age, we also injured adult brains at later timepoints post-
eclosion, in which case dividing cells were quantified 24 hours af-
ter injury (Supplementary Figure S1B). In this case, flies also were
reared and aged at 25°C. Two additional variations of the stan-
dard protocol involve the lineage analysis (Figure 4) and the per-
matwin studies (Figure 5). Both of the genotypes used for these
analyses included a temperature sensitive GAL8O repressor. This
necessitated rearing the flies at 17°C where the repressor was ac-
tive and shifting to 30°C post-PTBI to inactivate the repressor. In
all cases, we injured the central brain near the mushroom body
(MB; Figure 1, A-C) through the head cuticle using a stainless
steel insect pin (~12.5um diameter tip, 100 pm diameter rod).
This is the same type of pin used by Fernandez-Hernandez et al.
to injure adult brains (Fernandez-Hernandez et al. 2013), but dis-
tinct from that used by Sanuki et al. (2019) who used larger
(150 um diameter), hollow, syringe needle. These earlier studies
examined the consequences of injury to the adult optic lobes. In
contrast, we injured the adult central brain near the mushroom
body. Mushroom body neuroblasts are the last to stop proliferat-
ing during development (Ito and Hotta 1992; Ito et al. 1997;
Siegrist et al. 2010). We, therefore, reasoned that the mushroom
body might have residual mitotic potential. Located dorsally in
the central brain, the mushroom body is critical for learning and

memory and contains complex dendrite and axon arbors in
highly stereotyped arrays (Aso et al. 2014).

One early hallmark of a regenerative response is cell prolifera-
tion (Zhou et al. 2016). We, therefore, tested whether PTBI stimu-
lates proliferation, using two different assays. We first utilized
antibodies to the mitotic marker, phospho-histone H3 (PH3).
Histone H3 is transiently phosphorylated during M phase of the
cell cycle (Hans and Dimitrov 2001), and antibodies to PH3 are of-
ten used to identify dividing cells. Within 24 hours of PTBI, brains
from young adult males exhibited a significant increase of PH3+
cells compared to uninjured controls of the same sex, age, and
genotype (Figure 1, D-G, and L). We then wanted to determine
whether these newly created cells were maintained or elimi-
nated. Because PH3 only transiently labels dividing cells, we also
used incorporation of the nucleotide analog 5-ethynyl-2'-deoxy-
uridine (EAU). EQU is incorporated into newly synthesized DNA
and therefore more permanently labels dividing cells and their
progeny. After feeding flies EQU for various lengths of time, we
detected the incorporated EQU using fluorescent “click chemistry”
(InVitrogen®). Consistent with the PH3 labeling at 24 hours, we
observed 5- and 15-fold more EdU+ cells at 7 and 14 days post-
injury, respectively, compared to uninjured controls (P-val-
ue <0.0001 and <0.0002) (Figure 1, H-L). This indicates that cell
proliferation continues between 7 and 14 days post-PTBI.

EdU permanently marks dividing cells and allows us to mea-
sure the cumulative number of cells that had divided since the
PTBI. In contrast, PH3 provides a snapshot of actively dividing
cells. To evaluate the dynamics of cell proliferation, we there-
fore compared mitotic activity using anti-PH3 in animals at
24hours, 7 days, and 14 days post-PTBI (Supplementary Figure
S1, A and E). Consistent with the EAU labeling experiments
above, we observed actively dividing cells even 14 days post-
injury, although the numbers of dividing cells decrease with
time post-PTBI. To test whether age impacts regenerative ca-
pacity, we aged adult males to 7, 14, and 28 days post-eclosion
prior to PTBI, then assayed for cell proliferation 24 hours later.

Adult male brains injured 7 days post- eclosion had signifi-
cantly fewer PH3+ cells than brains injured within 6hours of
eclosion (). The brains injured at 7 days had more PH3+ cells than
the age-matched uninjured controls, but fewer PH3+ cells than
brains injured within 6 hours of eclosion (Supplementary Figure
S1B). Brains injured at either 14 or 28 days post-eclosion exhibited
little cell proliferation that did not differ from age-matched unin-
jured controls (Supplementary Figure S1B). Taken together, these
data support the idea that early in adulthood, Drosophila brains
possess cells that can initiate division in response to injury and
that this proliferative ability declines with age.

The increase in EdU+ cells between 7 and 14 days post-PTBI
(Figure 1L) and the presence of actively dividing, PH3+ cells at 7
and 14 days post-PTBI (Supplementary Figure S1A) indicate that
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100 um

Figure 1 PTBI stimulates cell proliferation. (A) Schematic of the exterior
of an adult fly head. This is a frontal view. Thus, the right side of the
animal is to the viewer's left. (B) Schematic of the interior of an adult
Drosophila head with the injury trajectory indicated in grey. This is a
posterior view. Thus, in this image and subsequent figures, the right side
of the brain is to the right. Central brain PTBI impacts multiple brain
structures including the mushroom body (MB, green), and tissues
outside the brain including the fat body (blue) and hemocytes (red). CB,
central brain region; OL, optic lobe region. (C) Dorsal view of a live adult
head in which mushroom bodies (arrowheads) are labeled with GFP. This
is our “standard genotype” (see text for details). The PTBI protocol
reproducibly results in injury to the mushroom bodies. Uninjured,
control (D), and PTBI (E) schematics. The blue boxes in the upper right
corners indicate the brain regions shown at higher magnification in
panels (F-K). (F,G). PH3 antibody (red) was used to assay for cell
proliferation 24 hours after injury. In control brains (F) there are few
PH3+ cells, and none near the MB. However, in PTBI brains (G), there are
PH3+ cells near the MB. (H,I) To test whether newly created cells are
surviving or being eliminated, we conducted a pulse-chase EQU
experiment. Flies were fed EQU (red) for 4 days post-injury (a pulse) then
chased for 3days without feeding EQU. In the control brain (H), there is
little EAU incorporation. In the PTBI brain (I), there are EQU+ cells near
the MB. (J) In 14-day control brains, there are few EAU+ cells. (K)
However, in 14-day PTBI brains, there is an increase in EdU+ cells near
the MB. All brains are from males of our standard genotype. (L)
Quantification of proliferating cells. The numbers reflect proliferating
cells throughout entire brains, not only in the vicinity of the mushroom
body. At 24 hours, uninjured control brains had an average of 3 PH3+
cells/brain (n =11 brains, 28 cells), while 24-hour post-PTBI brains had an
average of 11 PH3+ cells/brain (n=17 brains, 181 cells). At 7 days,
uninjured controls have few EAU+ cells, with an average of 2 EdU+ cells/
brain (n= 15 brains, 24 cells), while 7-day post-PTBI brains had an
average of 11 EQU+ cells/brain (n= 22 brains, 238 cells). At 14 days,
uninjured controls have an average of 1 EdU+ cell/brain (n=8 brains, 11
cells), while 14-day post-PTBI brains have an average of 29 EdU+ cells/
brain (n= 14 brains, 400 cells). Unpaired t tests of control and PTBI
samples at the 3 time points yield values of P < 0.0001, P < 0.0001, and

P <0.0002, respectively. Error bars reflect the standard deviation (SD).

the capacity for sustained cell proliferation is retained beyond
the time window during which cell proliferation can be initiated.
In other words, once adult brain cells begin to divide, they may
continue to divide for up to 2weeks. However, by 2weeks of

adulthood, brain cells no longer can be stimulated by injury to di-
vide. Of note, uninjured flies at both 24hours and 7 days exhibit
similar baseline cell proliferation (Supplementary Figure S1B).
Taken together, this indicates that the presence of PH3+ cells in
uninjured brains does not correlate directly with the brain’s re-
generative potential.

Pulse-chase experiments allowed us to test whether the
cells incorporating EAU were viable; if a cell dies after synthe-
sizing DNA, the incorporated EdU is expected to be either dif-
fuse or punctate instead of uniformly distributed within each
labeled nucleus. There were similar numbers of labeled nuclei
in brains from animals either pulse-chase or continuously fed
EdU (Supplementary Figure S1C). This indicates that most
EdU-labeled cells survive. Interestingly, at later timepoints
post-PTBI, there was a statistically significant increase in the
number of EdU-positive cells not only in the injured brain
hemisphere, but also in the contralateral, uninjured brain
hemisphere (Supplementary Figure S1D). This indicates that
PTBI may induce both local and widespread proliferation and
suggests that injury may trigger the release of diffusible
signals. For this reason, we use brains from uninjured animals
as controls instead of the contralateral, uninjured brain
hemispheres.

Similar to what has been reported for closed-head traumatic
brain injury (TBI) in Drosophila (Katzenberger et al. 2013;
Katzenberger et al. 2016), there is a slight reduction in lifespan fol-
lowing PTBI (Supplementary Figure S2A). However, in contrast to
TBI outcomes, the mortality 24hours after PTBI is negligible in
young animals (Supplementary Figure S2B) results in only limited
neurodegeneration using the index of Cao et al. (2013)
(Supplementary Figure S2, E, G, and H). This is consistent with
the small amount of cell death by TUNEL assay (Grasl-Kraupp
et al., 1995) in the first hours after PTBI (Supplementary Figure S2,
C-D’, and F).

Characterizing the identities of dividing cells
post-injury

To determine the identities of the mitotically active cells, we fed
young adult males with EdU, then simultaneously assayed for
EdU incorporation, expression of the glial protein Reversed polar-
ity (Repo) and expression of the neuronal protein Embryonic le-
thal, abnormal vision (Elav). At 7 days post-injury, we observed 4
classes of cells (Figure 2, A-D""): cells that were EQU+ but did not
express either Elav or Repo (arrowheads in Figure 2, A-A""; Class
I); cells that were EdU+ and Repo+, ie., glia (arrowheads in
Figure 2, B-B'”; Class II); cells that were EAU+ and express Elav,
i.e., neurons (arrowheads in Figure 2, C-C"”; Class III); and cells
that were EdU+, Repo+, and Elav+ (arrowheads in Figure 2, D-
D’’; Class IV). These data indicate that cells actively divide after
PTBI, and that the dividing cells either are, or become, glia and
neurons.

As described above, age plays an important role in the prolifer-
ative capacity of brain cells. We, therefore, asked whether the
amount of time after injury impacts the identities of proliferating
cells. Specifically, we compared the ratios of proliferating cells in
each of the 4 classes at 24hours, 7 days, and 14 days post-PTBL
(Figure 2F). The proliferation marker we used in the 24-hour as-
say was anti-PH3, while the marker used in the 7- and 14-day
assays was EdU incorporation. At 24hours post-injury, we ob-
served the following distribution of classes: 56% Class I (PH3+);
38% Class II (PH3+Repo+); and 5% Class IV (PH3+Repo+Elav+)
(Figure 2F). Significantly, at 24 hours post-PTBI, there are no Class
III (PH3+Elav+) cells (Figure 2F). By 7 days post-PTBI, 13% of the
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Figure 2 Analysis of new cell identities 7 days post-PTBI. To determine what types of new cells are generated in the first 7 days post-PTBI, we used
pulse-chase experiments with EdU in combination with the glial marker anti-Repo and the neuronal marker anti-Elav. At 7 days post-PTBI, we found
four classes of cells resulting from proliferation: EQU+ and without either Repo or Elav (A-A""; Class I); Cells that were EdU+ and Repo+ (B-B""; Class II);
EdU+ and Elav+ (C-C”; Class III); and EdU+, Repo+, Elav+ (D-D'”; Class IV). Arrowheads indicate representative cells in each class. The nuclear dye
DAPI is in blue. We then measured the changing ratios of these cell types over time in control (E) and PTBI brains (F). For controls, 11 brains and 28
PH3+ cells were analyzed at 24 hours, 9 brains and 15 EdU+ cells were analyzed at 7 days, and 2 brains and 3 EdU+ cells were analyzed at 14 days. For
PTBI samples, 17 brains and 181 PH3+ cells were analyzed at 24 hours, 15 brains and 172 EAU+ cells were analyzed at 7 days, and 8 brains and 278

EdU+ cells were analyzed at 14 days.

EdU+ cells are Class III, i.e.,, new neurons (Figure 2F). By 14days
post-PTBI, 29% of the EAU+ cells are new neurons (Figure 2F).
Also, by 14 days post-PTBI, there are no longer any Class IV cells
that express a hybrid glial and neuronal identity. Of significance,
neither Class IV cells, nor the Class III adult-generated neurons
are detected in uninjured adult brains at any of the three time-
points (Figure 2E). Also, although the ratios of Class I to Class II
cells are similar in uninjured and injured brains, the total

numbers of dividing cells are quite different. Twenty four hours
control brains averaged 2.5 dividing cells/brain (11 brains; 28
PH3+ cells) compared to 10.7 dividing cells/brain following PTBI
(17 brains; 181 PH3+ cells). At 7 days, control brains averaged 1.7
EdU+ cell/brain (9 brains; 15 dividing cells) compared to 11.5
EdU+ cells/brain following PTBI (15 brains; 172 EdU+ cells). And
at 14 days, control brains averaged 1.5 EdU+ cells/brain (2 brains;
3 dividing cells) compared to 34.8 EdU+ cells/brain following PTBI
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(8 brains; 278 EdU+ cells). Together these data demonstrate: (1)
that glia can divide to give rise to new glia; (2) that new neurons
are created later than new glial cells; and (3) that some of the
Class I (EdU+) and/or Class IV (EdU+Repo+Elav+) cells may give
rise to new neurons (EdU+, Elav+). For reasons explained below,
we favor the possibility that it is the Class I cells that give rise to
the new neurons.

Expression of neural progenitor genes post-PTBI

Although neural stem cells have been reported in the optic lobes
of the adult Drosophila brain (Fernandez-Hernandez et al. 2013),
there are no known neural stem cells (neuroblasts) in the adult
Drosophila central brain. To test whether neuroblast fates were
induced by injury and, if so, whether the generation of new neu-
rons followed a normal developmental trajectory, we assayed the
expression of multiple neural precursor genes post-PTBI using
immunohistochemistry and/or gRT-PCR. During normal
Drosophila development, the central brain neurons and glia de-
rive from two types of neuroblasts (Boone and Doe 2008; Egger
et al. 2008; Weng and Lee 2011; Homem and Knoblich 2012;
Homem et al. 2015). Type I neuroblasts express the transcription
factors Deadpan (Dpn) and Asense (Ase). Type 1I neuroblasts ex-
press Dpn, but not Ase, and give rise to intermediate neural pro-
genitors (INPs) (Bello et al. 2008; Boone and Doe 2008; Bowman
et al. 2008). Immature INPs express the transcription factor Ase,
but not Dpn while mature INPs no longer express Ase, but reacti-
vate Dpn. Thus, there is coexpression of Dpn and Ase in Type I,
but not in Type II lineages. Other transcription factors required
during neurogenesis in the Type I and/or Type II lineages include
Inscuteable (Insc) and Earmuff (Erm) (Chia et al. 2008).

In order to identify cells expressing the neural precursor gene
ase, we utilized the GAL4/UAS binary system in conjunction with
a temperature-sensitive GAL80 repressor to drive expression of
GFP after a PTBI. Specifically, we probed control and injured
brains from the genotype ase-GAL4, UAS-Stinger; UAS-GAL80™
adult males with anti-Dpn antibodies to identify neuroblasts and
anti-PH3 antibodies to identify dividing cells. These flies were
reared at 17°C where the temperature-sensitive GAL8O protein is
functional and prevents expression of GFP from the Stinger con-
struct (Barolo et al. 2000). Within 6 hours of eclosion, adult male
flies were subjected to PTBI and then placed at 30°C for 24 hours
prior to dissection and immunostaining. At 30°C, the
temperature-sensitive Gal80 is not functional and GFP is
expressed in ase-expressing cells. We observed clusters GFP+
cells and cells that are PH3+Dpn+ in PTBI, but not control, brains
(Figure 3, A-D’"). This indicates that proliferating cells have a key
feature of neuroblast identity, namely Dpn expression. We did
not observe cells that were PH3+Dpn+GFP+, Le., dividing and
coexpressing dpn and ase. However, the juxtaposition of the
PH3+Dpn+ cells to cells expressing ase is reminiscent of Type II
neuroblast lineages and consistent with the PH3+Dpn+ cells and
Ase+ cells sharing a common origin.

To quantify neural progenitor gene expression, we collected
and injured young adult males within 6hours of eclosion.
mRNA subsequently was extracted at 5 different time points
(4hours, 24hours, 3days, 7 days, and 14 days) from post-PTBI
and age-matched, uninjured control heads. Relative transcript
levels of neural progenitor genes were measured using qRT-
PCR. At 4 and 24hours of age, ase expression is increased
greater than twofold in injured flies compared to controls
(Figure 3E). This difference diminishes by 3 days and is not sig-
nificant at later timepoints (Figure 3E). Although we observed
Dpn+ cells using immunohistochemistry near the area of

injury at 24 hours post-PTBI, dpn mRNA levels were not detect-
ably increased at any timepoints (Figure 3F). This could be be-
cause we isolated RNA from whole heads and relatively few
cells activate dpn following PTBI making it difficult to detect an
increase above baseline. Alternatively, the increase in Dpn pro-
tein levels could be due to post-transcriptional events and not
correspond to an increase in steady state mRNA levels.
Consistent with the idea that neural progenitor-like cell line-
ages are generated following PTBI, erm transcript levels were
increased at 4hours and insc transcript levels were signifi-
cantly increased at 4hours, 24hours, and 3days, while
(Figure 3, G and H). erm is expressed in Type II neuroblast line-
ages where it prevents reversion of intermediate neural pro-
genitors to neuroblast fates (Weng et al. 2010). insc is expressed
in Type I neuroblast lineages where it prevents their transfor-
mation into intermediate neural progenitors of the Type II line-
age (An et al. 2017). Together these data support the hypothesis
that there are neuroblast-like precursor cells in the adult brain
that are either induced or activated by PTBI.

Lineage-tracing to identify the origins of newly
created cells

The presence of neuroblast-like cells post-PTBI could result from
differentiated cells such as glia or neurons dedifferentiating and
adopting neuroblast-like fates; or via activation of a quiescent
population of adult neural stem cells, similar to what was de-
scribed in the optic lobe (Fernandez-Hernandez et al. 2013). To
distinguish between these possibilities, we carried out a series of
lineage analyses. We first carried out lineage-tracing of glial cells
and asked whether they could become neurons. To do this, we
used repo-Gal4 in conjunction with a flipout-GFP construct to per-
manently mark glial lineages. F1 males that were w[]; repo-Gal4/
P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger} 15F2 were injured at within
6hours of eclosion and aged for 14 days prior to dissection and
immunostaining. We observed no repo — GFP cells that were also
Elav+ (not shown). This indicates that glia do not give rise to neu-
rons through either trans- or dedifferentiation. At first glance,
these results appear inconsistent with the observation of
EdU+Repo+Elav+ cells shown in Figure 2, D-D". However, the
cells with hybrid glial-neuronal identity are quite small, and it
was reported previously that neuroblasts that undergo reducing
divisions are destined for cell death (Siegrist et al. 2010). We,
therefore, postulate that the hybrid cells are inviable and do not
contribute to the population of new neurons (Class III cells)
shown in Figure 2. We note that ~50% of PH3+ and EdU+ cells
post-PTBI are glia (Figure 2F). Thus, although we found no evi-
dence that glia give rise to neurons, glia nonetheless proliferate,
especially early post-PTBL

To test whether neurons can give rise to glia, we used a simi-
lar lineage-labeling technique with an Nsyb-Gal4 driver in a sys-
tem called Gal4 technique for real-time and clonal expression
(G-TRACE) (Evans et al. 2009). F1 males that were w[*[; Nsyb-
GAL4/P{w[+mC]=UAS-RedStinger}6, P{w[+mC]=UAS-FLP.Exel}3,
P{w[+mC]=Ubi-p63E(FRT.STOP)Stinger}15F were injured within
6hours of eclosion and aged for 14 days prior to dissection and
immunostaining. We observed no NSyb — GFP cells that were
also Repo+ (not shown). This indicates that neurons do not give
rise to new glia post-injury.

To address the possibility that new neurons are created by a qui-
escent neuroblast-like population, we used a similar lineage label-
ing technique, this time in combination with a neuroblast driver,
dpn-GAL4. To ensure that neuroblast cells were not labeled during
development, we added a temperature sensitive GAL80 and reared
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Figure 3 Neuroblast gene expression is activated by PTBI. (A) and (C) are low magnification views of the control and PTBI brains shown at higher
resolution in B-B"” and D-D"”, respectively. (A-B"”) Images from an uninjured ase-GAL4, UAS-Stinger; UAS-GAL80" probed with anti-PH3 (red) and anti-
Dpn (cyan). GFP (green) from the UAS-Stinger construct is expressed under control of ase regulatory sequences. The nuclear dye DAPI is in blue.

Arrowheads in (A) and (C) indicate the regions where higher magnification images were collected. Animals were reared at 18°C where the temperature-
sensitive Gal80 repressor is active and shifted to 29°C after eclosion to permit expression of GFP in cells expressing ase. At 24 hours post-PTBI (C-D’”),
but not in control (A-B’”) brains, there are GFP+ cells, indicating the expression of ase, which is a neural progenitor gene. (D,D’). Cells that were Dpn+
(cyan) and PH3+ (red) also were observed in injured brains (D”,D"”), but not in controls (B”,B’”). dpn is a neuroblast and neural progenitor gene. In this
example, PH3+Dpn+ cells were in close proximity to GFP+ cells (D), consistent with a lineal relationship. (E-H) gRT-PCR reveals increases in neural
progenitor gene expression following PTBI. The mRNA levels of four different neural progenitor genes were assayed at 4 hours, 24 hours, 3 days, 7 days,
and 14 days. (E) The level of ase mRNA is increased more than fivefold by 4 hours and remains elevated at 24 hours. However, at 3, 7, and 14 days, ase
mRNA levels are no longer higher than in controls. (F) The level of dpn mRNA was not detectably increased at any timepoints. (G) mRNA levels of erm
are increased almost threefold at 4 hours post-injury. However, by 24 hours, 3 days, and 7 days, erm mRNA levels have returned to baseline. (H) insc
mRNA levels are increased sixfold at 4 hours, 24 hours, and 3 days post-injury. At later timepoints, 7 and 14 days, insc mRNA levels return to near
baseline. The gRT-PCR results reflect triplicate biological samples, represented relative to the levels of Rp49, and then normalized to the corresponding
levels in time-matched controls. Error bars calculated by Relative Expression Software Tool analysis and reflect the standard error of the mean (SEM).

Note that scales on Y axes differ among the graphs.

the crosses at 17°C. We call this labeling method “G-TRACE plus
(Figure 4A) Under these conditions, the GAL80 prevents transcrip-
tional activation by GAL4, thus keeping the lineage tracing system
off. F1 males that were w[]; dpn-GAL4/P{w[+mC]=tubP-GAL80[ts]}20;
P{w[+mC]=UAS-RedStinger}6, P{w[+mC]=UAS-FLP.Exel}3, P{w[+
mC]=Ubi-p63E(FRT.STOP)Stinger}15F were collected or injured within
6hours of eclosion and aged for 14 days at 30°C prior to dissection

and immunostaining. At 30°C, the temperature sensitive GAL80
protein is inactivated and GAL4 can activate transcription.
Indeed, 14 days post-injury, we observed GFP+Elav+ cells in in-
jured brains (enclosed by the red dotted line in Figure 4, B-B""),
but not in uninjured age-matched controls (not shown). These
results are consistent with the existence of a quiescent stem cell-
like population in the adult Drosophila brain that is activated by
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Figure 4 Lineage-tracing demonstrates that new neurons are created by dpn-expressing cells. (A) Components of the modified G-TRACE system (Evans
et al. 2009). In order to keep the lineage-tracing system off during development, we added a temperature-sensitive GAL80 transgene and reared flies at
17°C. Following injury, we placed flies at 30°C to recover. At 30°C, the temperature-sensitive GAL80 is inactivated, permitting activation of UAS-
containing constructs in cells expressing GAL4 under the control of the dpn promoter. dpn is a neuroblast gene that normally is not expressed in the
adult central brain. RFP expression is activated in cells actively expressing dpn. RFP expression depends upon continuous activation by GAL4 and
therefore provides a readout of real time dpn expression. Flippase is produced from the UAS-FLP transgene in dpn-expressing cells and mediates
recombination between FRT sites in the GFP transgene. This removes a stop cassette, permitting expression of GFP. GFP expression is under the control
of a ubiquitin promoter and, once activated, becomes independent of dpn expression. Thus, any cell that previously expressed dpn should sustain GFP
expression. (B-B’”) Using the G-TRACE plus lineage-tracing system, we followed dpn-expressing cells and their derivatives via GFP expression. We
observed cells that were GFP+Elav+ (GFP in green; Elav in cyan) at 14 days post-PTBI near the mushroom body (red outlines). The presence of GFP
indicates that these cells were either actively expressing or had previously expressed the neuroblast gene dpn. GFP+ cells that did not stain with Elav
(yellow outlines) also were observed. No GFP+Elav+ cells were observed in age-matched uninjured controls. RFP expression is not shown in these

panels.

injury to create new neurons. Several lines of evidence strongly
support this view, including the presence of Dpn+ and Ase+ cells
near the area of injury 24 hours post-PTBI (Figure 3, C-D’”) and
the elevated expression levels ase, erm, and insc post-PTBI
(Figure 3, A-H). However, because we do not observe Dpn+ cells
in our control uninjured central brains, these putative
neuroblast-like cells differ from the neuroblasts present during
development in that they lack detectable dpn expression until
stimulated by PTBI.

Innervation patterns of new neurons and
functional recovery post-PTBI

To visualize new neurons and their projections after PTBI, we uti-
lized perma-twin labeling (Fernandez-Hernandez et al. 2013).
Perma-twin labeling permanently labels dividing cells and their
progeny with either GFP or red fluorescent protein (RFP). We used
adult F1 male flies of the genotype: w; FRT40A, UAS-CD8-GFP,
UAS- CD2-Mir/FRT40A, UAS-CD2-RFP, UAS-GFP-Mir; act-GAL4 UAS-
flp/tub-GAL80" that were reared at 17°C during development to
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Figure 5 Perma-twin lineage tracing demonstrates brain regeneration and appropriate targeting of axons following PTBI. To analyze neurogenesis after
PTBI, we utilized the perma-twin lineage-tracing system (Fernandez-Hernandez et al. 2013). This system permanently labels dividing cells and their
progeny with either GFP or RFP. Flies were reared at 17°C to keep the system off during development. Upon eclosion, F1 males carrying perma-twin
transgenes were collected, injured and placed at 30°C to recover for either 2 or 14 days. (A) In 2-days uninjured controls, there are some GFP+ cells
scattered throughout the brain. (B) At 14 days, there are relatively few GFP+ cells present in the control central brain. (C) In comparison, 2-day injured
brains have more GFP+ cells that tend to cluster near the injury, (arrowhead). (D) At 14 days post-injury, there are large clones near the site of injury.
Some of these clones have axons that project along the mushroom body tracts (arrowhead). Only the GFP channel is shown here; there were similar
RFP+ clones in the PTBI samples. (E) The number of clones increases over time post-PTBI. Control uninjured brains (n = 13) have an average of 10 clones
at 2days while 2-day PTBI brains (n=20) have an average of 23 clones (P < 0.00002). At 7 days, control brains had an average of 9 clones per brain
(n=18), while 7-day PTBI brains had an average of 39 clones per brain (n= 16) (P-value < 0.00000002). This is significantly more than the number of
clones seen at 2 days post-injury (P-value < 0.0009). In 14-days control brains, there are an average of 10 clones per brain, which is not significantly
different from the 2-day and 7-day controls. However, at 14 days post-PTBI, there are an average of 66 GFP+ clones, which is significantly more than
either age-matched controls (P < 0.0000003) or 2-day post-PTBI brains (P-value < 0.0001). Error bars reflect SD. (F-M) PTBI stimulates clone formation in
multiple regions in the brain. Panels on the left side are schematics of brain regions where large clones were found 14 days post-PTBI (A,H,J,L). Panels on
the right show high magnifications of representative brains (G,I,K,M). Many 14-day brains had clones that projected to particular target areas. These
included the mushroom body (MB) (F,G), the EB (H,I), the antennal lobe (AL) (J,K), and the lateral horn (LH) (L,M). (N) Both clone number and clone size
increase with time post-PTBI. The proportions of brain regions with large clones were calculated at 2, 7, and 14 days in controls and injured brains. At

2 days, approximately 8% of control brains (n=13) showed AL clones, while in 2-days injured brains (n = 20), there were no AL clones. In 7-days control
brains (n=18), 6% had AL and 6% had EB clones. At 7 days post-PTBI (n= 16), 6% of brains also had AL clones, 6% had EB clones, and 19% had large MB
clones. At 14 days, control brains (n = 9) did not exhibit any specific areas with clones, while 47% of PTBI brains (n = 15) had MB clones, 20% of PTBI
brains had AL clones, and 27% of PTBI brains had EB clones, and 27% had LH clones.
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keep the labeling system switched off. Perma-twin flies were sub-
jected to PTBI within 24 hours of eclosion, and allowed to recover
at 30°C for either 2, 7, or 14 days post-injury. At 30°C, the labeling
system is active and the progeny of any cells that divide may ex-
press either GFP or RFP. As expected, based on our earlier finding
that PTBI stimulates cell proliferation, we observed more clones
in injured samples than controls at all timepoints (Figure 5, A-E).
We also found that injured brains had significantly more clones
at later timepoints compared to earlier ones, indicating that pro-
liferation is progressive and not limited to the time immediately
after the initial injury (Figure 5, A-E). Interestingly, we observed
large clones at later timepoints that produced new MB neurons
(Figure 5, A-G). These new neurons project dendrites correctly to
the MB calyx and axons correctly to the MB lobes. This robust re-
generation was observed in approximately 50% of the injured
brains by 14 days post-PTBI (Figure 5N). Other areas of the brain
also grew new neurons and new axon tracts. These include the
AL, the EB, and the lateral horn (LH) (Figure 5, H-M) in which we
observed large clones approximately 26%, 26%, and 20% of the
time, respectively (Figure 5N). We note that each PTBI perma-
twin brain possessed multiple clones, averaging more than 50
separate clones/brain by 14 days (Figure 5E). Thus, brains with
MB clones also often had clones in the AL, EB, and/or LH.
Together, these data suggest that there may be structural repair
of damaged adult brains.

In order to assess functional recovery post-PTBI, we asked
whether Drosophila locomotor function is impaired by PTBI and, if
so, whether function is restored at later timepoints. Two-day
post-PTBI flies, exhibited significantly different locomotor pro-
files from the stereotypic locomotory patterns of age-matched
controls (Figure 6A). However, by 14 days post-injury, by which
time we also observed the generation of new neurons and axon
tracts, the injured flies displayed comparable locomotor profiles
to age-matched controls (Figure 6B). These data indicate that
PTBI significantly impacts motor function and suggest that this
damage may be repaired by 14 days.

Discussion

Following a PTBI, we find that the adult Drosophila central brain
has regenerative potential (Figure 7). We demonstrate that
PTBI rapidly stimulates cell proliferation (Figure 1) and that a
robust proliferative response occurs primarily in young adult
flies and diminishes with age (Supplementary Figure S1, A and
B). Our data also indicate that age plays an important role in
the adult Drosophila’s ability to survive a traumatic injury
(Supplementary Figure S2B), consistent with the age-
dependence of PTBI survival reported by Sanuki et al. (2019).
Within 1 week of PTBI, both new glia and new neurons have
been created (Figure 2). At early timepoints post-PTBI, but not
in control brains, we observe dividing neuroblast-like cells that
are Dpn+ (Figure 3). Other neural progenitor genes such as ase,
insc, and erm exhibit elevated transcript levels at early time-
points post-injury (Figure 3). Using cell lineage-tracing techni-
ques, we found that new neurons are generated by cells that
had expressed dpn (Figure 4). These dpn-expressing cells were
not observed in uninjured controls. The newly created neurons
innervate specific brain structures and apparently contribute
to the regeneration of damaged brain tissue, particularly near
the mushroom body (Figure 5). The timing of post-injury neu-
rogenesis corresponds with the timing of recovery of the loco-
motor activity disrupted by PTBI (Figure 6). This supports the
idea that the newly generated neurons are both functional and
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Figure 6 Locomotor defects observed at 2 days post-PTBI are reversed by
14 days post-PTBI. To assay for functional recovery post-PTBI, we
examined locomotor function. The 2- and 14- day PTBI and age-matched
uninjured controls were placed in the DAM system (TriKinetics,
Waltham, MA, USA) to record locomotory behavior. Each of the 4 groups
consisted of 32 newly eclosed males that were collected, either injured or
kept as uninjured controls, and individually monitored over a 48 hours
window. (A) 2-days control uninjured flies displayed stereotypic
locomotory patterns throughout a 24-hours period. However, 2-days
post-PTBI flies, exhibited significantly different locomotor profiles (P-
value <0.001). (B) Nonetheless, by 14 days, PTBI flies display comparable
locomotor profiles to age-matched controls.

properly connected. Of significance, genetic ablation of the
mushroom body has long been known to affect locomotor ac-
tivity (Martin et al. 1998) while more recently, the mushroom
body has been implicated in behavioral rhythmicity (Mabuchi
et al. 2016). Nonetheless, we cannot rule out the possibility that
other parts of the brain are compensating for the damaged
areas and that the behavioral improvement is not a direct con-
sequence of the new neurons.

We were intrigued to observe cells of hybrid glial (Repo+) and
neuronal (Elav+) identity in injured brains (Figure 2), and initially
thought these might represent a transitional state from glia to
neuron or from glia to neural precursor. Repo+Elav+ cells are not
present in uninjured control adult brains, but have been reported
during larval development (Berger et al. 2007) and in certain brain
tumors (Beaucher et al. 2007). Elav also is known to be transiently
expressed in some neuroblast-like cells during development
(Beaucher et al. 2007). Thus, the presence of dividing cells that are
Repo+Elav+ is consistent with a less differentiated state.
However, our lineage studies do not support the hypothesis that
these hybrid cells are the progenitors of either glia or neurons.
Specifically, while glia give rise to new glia, lineage tracing did
not reveal any new neurons derived from cells with prior glial
identity, nor did it reveal any new glia derived from cells with
prior neuronal identity. Also notable is that the cells possessing
the hybrid glial and neuronal fate are quite small. Reducing divi-
sions and small cell size previously were correlated with apopto-
sis in Drosophila brains (Siegrist et al. 2010). Together, these
results are most consistent with the idea that cells possessing the
hybrid glial and neuronal fate are inviable.
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Figure 7 Summary model for regeneration following PTBI. We propose that in young adult Drosophila there are quiescent NB-like cells within the central
brain that lack expression of canonical NB genes. By 24 hours post-PTBI, the quiescent NB-like cells are activated, express NB genes, and have begun to
proliferate. At both 4 and 24 hours post-PTBI, there is a wave of cell death as assayed using TUNEL. At 7 days, the proliferation rate is still high, and
many of the new cells have adopted mature cell identities, becoming neurons or glia. At 10 days post-PTBI, there is no longer a difference in TUNEL+
cells between uninjured brains and injured brains, indicating that the wave of cell death has ended. Because the peaks of both cell death and
proliferation occur at the same time post-injury, this could explain why there is not a significant increase in the number of EQU+ cells seen at 7 days
compared to the number of PH3+ cells seen at 24 hours. However, by 10days, cell death is back to control levels while proliferation has decreased but is
still slightly above baseline levels. This could explain why there is an increase in the number of EdU+ between 7 and 14 days. At 14 days post-PTBI, there
are large clones of new neurons with axons and dendrites correctly projecting to their respective target areas. Locomotor defects are also restored by

14 days, suggesting that adult Drosophila are able to regenerate functionally as well as structurally.

Previous studies have indicated a higher occurrence of certain
brain tumors, such as glioblastomas, in people that have previ-
ously experienced TBI (Tyagi et al. 2016). However, following PTBI,
we do not find evidence of unregulated cell division. When young
adult flies are subjected to PTBI, there is a robust proliferative re-
sponse that diminishes with time post-PTBI (Supplementary
Figure S1A). The proliferative response also diminishes with age
and is negligible by 2 weeks post-eclosion (Supplementary Figure
S1B). By histology, we also do not see any evidence of tumor for-
mation by 25 days post-PTBI (Supplementary Figure S, 2E and G).
Neurodegeneration is another common consequence of brain in-
jury both in mammals (reviewed in Graham and Sharp 2019) and
Drosophila (Katzenberger et al. 2013) and is thought to result
from secondary brain injury, i.e., from cascades triggered by
trauma and not the trauma itself (reviewed in Ng and Lee 2019).
We do observe limited neurodegeneration following PTBI
(Supplementary Figure S2, E and G). This is consistent with a
small amount of cell death in the first hours after PTBI
(Supplementary Figure S2, C-D’, and F). However, cell death is re-
stricted by 24 hours post-PTBI and indistinguishable from con-
trols by 10days post-PTBI (Supplementary Figure S2F). This
limited cell death and neurodegeneration may contribute to a
small reduction in lifespan observed post-PTBI (Supplementary
Figure S1A). Together, our results support the ideas that second-
ary injury is minimal in our PTBI model and that PTBI does not
stimulate uncontrolled cell division. The mechanisms underlying
what appears to be a tightly regulated process need to be further

analyzed to understand how Drosophila are able to give a mea-
sured proliferative cell response to regenerate damaged tissue.

We detect both new glia and new neurons post-PTBI, but these
cell types are not generated in equal proportions or on the same
time scale. There is an initial wave of gliogenesis, followed by a
delayed wave of neurogenesis (Figure 2). Glial proliferation is a
known response to neuronal injury in both mammals and
Drosophila, with the added glia participating in phagocytosis of
cellular debris (reviewed in Burda and Sofroniew 2014; Pekny and
Pekna 2016). The newly generated glia may play similar roles fol-
lowing PTBL.

In addition to proliferating glial cells, we have identified a dis-
tinct population of cells that divide to give rise to new neurons.
These cells do not express either Repo nor Elav, i.e., they are nei-
ther glia nor neurons. In addition, although our lineage analysis
indicates that the new neurons arise from cells that express dpn
(Figure 4), we do not detect dpn expression in uninjured adult cen-
tral brains with either Dpn antibodies or dpn reporters. We, there-
fore, propose that dpn expression is activated by central brain
injury, and that cells that activate dpn expression give rise to new
neurons. dpn encodes a basic helix-loop-helix (bHLH) transcrip-
tional repressor orthologous to mammalian HES1 (Bier et al. 1992;
Younger-Shepherd et al. 1992). During normal Drosophila neural
development, Dpn represses the expression of neural differentia-
tion genes (Kang and Reichert 2015; Ramon-Canellas et al. 2019;
Li and Hidalgo 2020). Thus, the upregulation of dpn expression
post-PTBI may confer neural progenitor fate on these cells and be
an essential step in adult neurogenesis. Our data support the
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idea that there is a quiescent population of cells in uninjured
brains that cannot be detected with standard neuronal, glial, or
neuroblast markers, but that nonetheless has regenerative po-
tential. If such cells exist in Drosophila, perhaps they also exist in
humans. An important avenue for future research includes the
generation of gene expression profiles and markers for these pro-
genitor cells such that they can be visualized in and sorted from
uninjured brains in order to explore the mechanisms of their acti-
vation.

We note that in the optic lobe, cells with cytoplasmic Dpn pro-
tein were identified and proposed to be quiescent neural progeni-
tors, with nuclear translocation of Dpn following injury
correlated with adult neurogenesis (Fernandez-Hernandez et al.
2013). We do not observe either nuclear or cytoplasmic Dpn pro-
tein in the uninjured central brain. Nor have we observed GFP ex-
pression driven by the dpn-GAL4 reporter in the uninjured central
brain. Thus, while there is a quiescent neural progenitor cells
identifiable with standard markers in the optic lobe, this does not
appear to be the case in the central brain. A second difference be-
tween adult neurogenesis in the optic lobe and the central brain
involves expression of the neural progenitor gene ase. In the optic
lobe, ase is not upregulated by injury (Fernandez-Hermandez et al.
2013). In contrast, in the central brain after PTBI, there is ase
upregulation as assayed by both gRT-PCR and immunohisto-
chemistry (Figure 3). Interestingly, the ase-expressing cells are in
close proximity to dpn-expressing cells (Figure 3). This is reminis-
cent of normal neural development in Type Il neuroblast lineages
(Bello et al. 2008; Boone and Doe 2008; Bowman et al. 2008).
Nonetheless, the expression of both Type I (insc) and Type II (erm)
lineage attributes suggests that these cells do not recapitulate
larval neurogenesis. A third difference between adult neurogene-
sis in the optic lobe and the central brain is that optic lobe injury
does not result in the generation of new glia. In contrast, glial
proliferation is rapid and robust following central brain injury
(Figure 2). Together, these results indicate that adult central
brain neurogenesis differs from adult neurogenesis in the optic
lobe. Given that the neural progenitors of the optic lobes and cen-
tral brain follow distinct developmental trajectories (Ramon-
Canellas et al. 2019), it perhaps should not come as a surprise
that their regenerative capacities and programs also are differ-
ent.

Using a PTBI paradigm, we have been able to establish that
young adult Drosophila are capable of robust regeneration, with
the creation of new neurons and glia and functional recovery
from locomotor defects by 14 days post-PTBI. Further questions
remain about the origin and properties of the neural progenitor
cells and the molecular mechanisms that trigger regeneration.
Nonetheless, because brain regeneration can be stimulated by
mild injury in adult Drosophila, there is an avenue by which to
identify these cells and mechanisms for future study. In addition,
the Drosophila adult central brain now provides a novel model
system for screening pharmacologic agents for those that acti-
vate the regenerative program. This could lead to new therapeu-
tic approaches for both neurodegenerative diseases and brain
injuries.
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